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A RADIO FREQUENCY PROBE FOR ELECTRON DENSITY MEASUREMENTS 

W. J, Heikki la  
Southwest Center f o r  Advanced S t u d i e s  

Pa 0 .  BOX 8478 
Dallas 5,  Texas 

1. I n t r o d u c t i o n  

A r a d i o  frequency probe f o r  e l e c t r o n  d e n s i t y  measurements i n  t h e  

D and E r eg ions  of t h e  ionosphere h a s  been developed a t  t h e  Defence 

Research Telecommunications Establishment,  Ottawa, Canada, and used 

s u c c e s s f u l l y  on two rocke t  f l i g h t s  i n  May and June, 1963. The sensing 

element of t h e  probe c o n s i s t s  of t h e  c a p a c i t o r  formed by t h e  25 inch  

long nose t i p  of t h e  r o c k e t ,  which is sepa ra t ed  from t h e  rest  of t h e  

r o c k e t  by a 5 inch  f i b e r g l a s s  spacer. 

p a r t  of t h e  c a p a c i t y  i n  t h e  t ank  c i r c u i t  of a high frequency o s c i l l a t o r .  

When t h e  t i p  i s  immersed i n  a plasma, t h e  e f f e c t i v e  c a p a c i t y  is  reduced 

and t h e  o s c i l l a t o r  frequency i s  r a i s e d .  

f requency,  it i s  p o s s i b l e  t o  deduce t h e  r ea l  p a r t  of t h e  d i e l e c t r i c  

c o n s t a n t  of t h e  medium, and hence t h e  e l e c t r o n  d e n s i t y  i f  t h e  c o l l i s i o n  

frequency is  known o r  assumed. 

o s c i l l a t o r  f r equenc ie s  it is p o s s i b l e  t o  estimate t h e  e l e c t r o n  c o l l i s i o n  

frequency as w e l l  as t h e  e l e c t r o n  dens i ty .  

2 ,  

This c a p a c i t o r  forms a major 

From t h e  measured i n c r e a s e  i n  

By t h e  use o f  two s l i g h t l y  d i f f e r i n g  

Simple c i r c u i t  t h e o r y  o f  t h e  probe 

Consider two conducting spheres ,  one of r a d i u s  Ro r e p r e s e n t i n g  t h e  

rocke t  o r  s a t e l l i t e  v e h i c l e  i n  space, and t h e  o t h e r  of smaller r a d i u s  R 

r e p r e s e n t i n g  t h e  probe he ld  a t  a f ixed  d i s t a n c e  from t h e  v e h i c l e  ( F i g .  1). 

L e t  t h e  probe be connected by an i n s u l a t e d  wire t o  an inductance L i n s i d e  

t h e  main veh ic l e .  The s p h e r i c a l  probe acts as a condensor of capac i t ance  

C = 4 n ~ ~  R f a r a d s  when it is  i n f i n i t e l y  f a r  from o t h e r  bodies  and embedded 
P 0 
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i n  a uniform medium wi th  d i e l e c t r i c  cons tan t  E (MKS u n i t s ) .  Neglect ing 

for t h e  moment t h e  effect  of o t h e r  c a p a c i t i e s ,  t h e  probe capac i ty  i n  series 

with t h e  inductance w i l l  r e sona te  a t  a frequency f given by 

where E is t h e  d i e l e c t r i c  cons tan t  and t h e  s u b s c r i p t  o i n d i c a t e s  va lues  

of t h e  capac i ty  and resonant  frequency i n  f r e e  space when E: = 1. The 

device  t h u s  c o n s t i t u t e s  a probe f o r  t h e  measurement of 

t h e  d i e l e c t r i c  cons tan t  of t h e  medium i n  which t h e  probe i s  immersed, 

I n  p r a c t i c e ,  t h e  probe capac i ty  w i l l  n o t  be t h e  only  c a p a c i t y  i n  t h e  

c i r c u i t .  The probe i tself  (C 

v e h i c l e  ( C v ) .  Furthermore, s t r a y  c a p a c i t i e s  C a s s o c i a t e d  with t h e  l e a d s ,  

t h e  inductance,  and t h e  o s c i l l a t o r  a r e  e f f e c t i v e l y  i n  p a r a l l e l  wi th  t h e  

is  e f f e c t i v e l y  i n  series wi th  t h e  space 
P 

C 

combination as shown i n  Fig. lb .  Resis tance elements  R and R have been 

inc luded  t o  show t h e  p o s s i b l e  presence of l o s s e s  i n  t h e  d i e l e c t r i c  medium; 

P V 

t h e s e  may affect  t h e  resonant  frequency i f  t h e  o s c i l l a t o r  does n o t  seek t h e  

z e r o  phase s h i f t  p o i n t ,  but w i l l  be neg lec t ed  here .  S ince  C w i l l  i n  gene ra l  
V 

be l a r g e  compared t o  C , i ts  e f f e c t  i n  series wi th  C is  small. I n  p r a c t i c e ,  

t h e  s t r ay -capac i ty  , Cc, may be comparable t o  C 

The combined r e s u l t  of t h e s e  o t h e r  e lements  is  t o  reduce t h e  frequency 

dependence on t h e  e x t e r n a l  d i e l e c t r i c  cons t an t ;  it w i l l  be assumed i n  t h e  

fo l lowing  t h a t  C i s  t h e  only  s i g n i f i c a n t  element i n  t h e  c i r c u i t  o t h e r  than C . 

P P 
and must be taken  i n t o  account.  

P 

P C 
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f - f  

f 
o under t h e s e  assumptions is as fo l lows .  - The r e l a t i v e  frequency change 

f -  Po 

o r  

- I  

This  is t h e  probe equat ion f o r  small depa r tu re s  o f  E from 1. The 

factor  1 / 2  arises from t h e  square r o o t  dependence of frequency on c a p a c i t y ;  

t h e  f a c t o r  K ,  equa l  t o  t h e  ratio of t h e  probe c a p a c i t y  t h a t  is  a f f e c t e d  by 

t h e  e x t e r n a l  medium t o  t h e  t o t a l  c i r cu i t  c a p a c i t y ,  r e p r e s e n t s  t h e  approach 

t o  an i d e a l  c i r c u i t  with no s t r a y  c a p a c i t i e s  f o r  which K = 1. For t h e  DRTE 

probe, K -,/2; it may be evaluated by a c a l i b r a t i o n  procedure i n  which t h e  

frequency change f o r  a known capac i ty  change i s  measured. 

3 .  Elec t ron  Density Measurement 

I n  a plasma i n  which e l e c t r o n  c o l l i s i o n s  and t h e  magnetic f i e l d  may be 

neg lec t ed ,  t h e  d i e l e c t r i c  c o n s t a n t  E at a frequency f i s  given i n  terms of t h e  

e l e c t r o n  d e n s i t y  N ,  charge e and mass E by 
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Where N is t h e  e l e c t r o n  d e n s i t y  per cubic  meter, and f is i n  cps. 

When t h e  ope ra t ing  frequency f i s  much g r e a t e r  t han  t h e  plasma frequency, 

f = 81N = c c  and t h e  probe equat ion is -' 
2 T  

C 

For very  small  e l e c t r o n  d e n s i t i e s  f ~f t h e  chanpe i n  ope ra t ink  
0' 

frequency is  d i r e c t l y  p ropor t iona l  t o  t h e  e l e c t r o n  d e n s i t y  i n  t h e  plasma. 

f - € = cons t .  x N ( 7 )  0 

This  s imple l i n e a r  dependence i s  followed c l o s e l y  as long as t h e  o s c i l l a t i n g  

frequency is s e v e r a l  times t h e  plasma frequency. 

4. E lec t ron  Co l l i s ion  Frequency Measurement 

When t h e  e l e c t r o n  c o l l i s i o n  frequency v i s  app rec i ab le  t h e  r ea l  p a r t  

Of t h e  d i e l e c t r i c  cons tan t  must  be used i n  t h e  probe equat ion.  

t h e  Appleton-Hartree theo ry  it i s  given by 

According t o  

-, 
L 

The probe equat ion  then  becomes 

I n  t h i s  case  t h e  frequency change i s  reduced by an amount t h a t  

depends on t h e  ope ra t ing  frequency. 

o f  eva lua t ing  t h e  c o l l i s i o n  frequency as w e l l  as t h e  e l e c t r o n  d e n s i t y  by 

This  dependence provides  t h e  p o s s i b i l i t y  

t h e  use  of  two probes wi th  d i f f e r e n t  f r equenc ie s  f and f then  t h e  r a t i o  

R of t h e  r e l a t i v e  frequency changes is given by 
1 2' 
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(io) 

(11) 

I t  is  now g e n e r a l l y  accepted t h a t  t h e  effect  of e l e c t r o n  c o l l i s i o n s  

i s  no t  s a t i s f a c t o r i l y  taken  i n t o  account i n  t h e  Appleton-Hartree theory ,  i n  

which v is  assumed t o  be independent of  e l e c t r o n  ve loc i ty .  The gene ra l i zed  

theo ry ,  as presented  by Sen and Wyller (1960) and o t h e r ,  pe rmi t s  t ak ing  a 

v e l o c i t y  dependence of v i n t o  account. Observat ions have ind ica t ed  t h a t  v is 
,3 

p r o p o r t i o n a l  t o  t h e  e l e c t r o n  energy i n  a i r ,  J = J 

t h e  e f f e c t  of t h e  s t eady  magnetic f i e l d ,  equat ion  (56 )  of Sen and Wyller ' s  

mvL. 
m -  2kT 

Again n e g l e c t i n g  

paper  g ives  

where 

has  been t a b u l a t e d  (Dingle ,  A r n d t ,  and Roy, 1956);  Burke and Hara, 1963).  

The r a t i o  R a t  two f requencies  is aga in  independent of e l e c t r o n  d e n s i t y ;  

When t h e  c o l l i s i o n  frequency i s  l o w  (?n<<w) w e  may use t h e  approximation 
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This  is e q u i v a l e n t  t o  t h e  Appleton-Hartree formula,  provided w e  t a k e  

z v ' = 4v . We can e a s i l y  compute t h e  r a t i o  R as a f u n c t i o n  of v f o r  
m - m 35 - 

any w and w This has  been done f o r  t h e  DRTE probe f o r  which w 

and w2 = 7.87x107, w2 = 2 . 7 8 4  and t h e  r e s u l t  is  shown i n  Fig. 2. 

= 2.83xlO-' 

The 
1 2' 1 

Appleton-Hartree r e s u l t  is a l s o  shown, and t h e  d i f f e r e n c e  can be seen t o  

be apprec i ab le .  Heights i n  t h e  ionosphere corresponding t o  t h e  c o l l i s i o n  

frequency p r o f i l e  adopted by Belrose are shown on t h e  f i g u r e .  I t  can be 

seen  t h a t  (provided t h e  frequency s h i f t s  are measureable) t h e  c o l l i s i o n  

frequency i n  t h e  lower D-region may be determined from t h e  experimental ly  

measured r a t i o  R. With e l e c t r o n  d e n s i t i e s  o f  1 0  / c m 3  a t  60 km, which are 

observed by Belrose,  t h e  frequency s h i f t s  are of t h e  o r d e r  of 100 cps. 

2 

This 

small s h i f t  was no t  measurable with t h e  p r e s e n t  form of t h e  probe, and the 

b e s t  t h a t  may be expected is confirmation o f  t h e  o r d e r  o f  magnitude of v 

n e a r  70 km. However, t h e  experience gained shows t h e  main shortcoming t o  

be t h e  d a t a  handl ing procedure used, and improvements can r e a d i l y  be made 

t o  permit u s e f u l  measurements of both N and v down t o  55 o r  60 km. A s l i g h t l y  

lower va lue  o f  f 

gyromagnetic i n f luence  small. 

are shown i n  Fig. 3 .  The r a t i o  R i n  t h i s  case is a s t r o n g  f u n c t i o n  o f  v over  

would improve the performance, while  s t i l l  keeping t h e  
1 

Calcu la t ions  f o r  f = 3 mc/s and f 2  = 1 2  mc/s 1 

6 7 -1 t h e  range of va lues  from 2 x 1 0  t o  5 x 1 0  sec , corresponding t o  ionospheric  

h e i g h t s  from 75 km down t o  55 km. 

The n e g l e c t  of t h e  magnetic f i e l d  is  j u s t i f i e d  f o r  two reasons.  

F i r s t l y ,  even t h e  lower ope ra t ing  frequency is a t  least two o r  t h r e e  times 

t h e  gyro frequency, and t h e  e f f e c t  of t h e  f i e l d  is t h e r e f o r e  small, and i s  

e s p e c i a l l y  so i n  t h e  presence of c o l l i s i o n s  as shown by t h e  theory.  Secondly, 

t h e  probe determines some s o r t  of average,  n o t  r e a d i l y  e s t a b l i s h e d ,  o v e r  t h e  

d i f f e r e n t  d i r e c t i o n s  of  t h e  f i e l d ;  t h i s  average w i l l  be c l o s e r  t o  t h e  z e r o  

f i e l d  va lue  t h a n  t h e  va lue  f o r  e i t h e r  magneto-ionic mode. 
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5. Sampling Volume 

An estimate of  t h e  sampling volume of t h e  s p h e r i c a l  capac i tance  probe 

may be made by cons ider ing  t h e  case i n  which t h e  sphere is surrounded by 

an ion  shea th ,  devoid of e l e c t r o n s ,  of t h i c k n e s s  h (F ig .  4 ) .  I n s i d e  t h e  

shea th  E = 1, and beyond t h e  sheath E takes t h e  va lue  c h a r a c t e r i s t i c  of  

t h e  medium. The p o t e n t i a l  V of t h e  sphere  with a charge q on it i s  

ob ta ined  by i n t e g r a t i n g  t h e  work done on a u n i t  charge i n  b r ing ing  it from 

i n f i n i t y  t o  t h e  sphere.  

When E = 1, C reduces t o  4nc R,  t h e  capac i ty  i n  free space.  When 
0 

h = 0, t h e  c o r r e c t  formula f o r  t h e  capac i ty  of  a sphere  i n  a d i e l e c t r i c  

medium is  obtained.  

be app l i ed  which is a func t ion  of both t h e  r e l a t i v e  shea th  t h i c k n e s s  and 

t h e  d i e l e c t r i c  cons tan t .  

I n  t h e  presence of a shea th  a c o r r e c t i o n  f a c t o r  must 

When t h e  capac i ty  of  t h e  sphe re  is  taken  t o  be a measure of  E ,  

t h e  e f f e c t i v e  va lues  are r e l a t e d  t o  t h e  rea l  va lues  as fol lows.  

I n  a weak plasma t h e  e f f e c t i v e  e l e c t r o n  d e n s i t y  is then  approximately 

r e l a t e d  t o  t h e  c o r r e c t  va lue  by: 
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This  r e l a t i o n  is  p l o t t e d  i n  Fig. 5. The r e l a t i v e  e r r o r  is r e l a t e d  

simply t o  t h e  shea th  t h i c k n e s s  r e l a t i v e  t o  t h e  probe dimension, and i s  

o the rwise  independent of t h e  a c t u a l  e l e c t r o n  dens i ty .  

e l e c t r o n  d e n s i t y  is one ha l f  t h e  a c t u a l  value.  

ionosphere t h e  Debye l e n g t h  i s  n o t  ove r  one cen t ime te r ,  and t h e r e f o r e  t h e  

ion shea th  is no t  a s e r i o u s  problem f o r  a probe with dimensions of t e n  

c e n t i m e t e r s  o r  more, as would be t h e  case i n  p r a c t i c e .  

When h = R t h e  apparent  

Throughout most o f  t h e  

I t  may t h e r e f o r e  be concluded t h a t  t h e  sampling volume extends ou t  a 

d i s t a n c e  of t h e  o r d e r  of t h e  probe dimension. 

6. The DRTE Probe 

The o p e r a t i o n  of t h e  CRTE probe is i n d i c a t e d  by t h e  block diapram 

(F ig .  6). 

i n  t u r n  by a r e l a y  a c r o s s  p a r t  of t h e  tun ing  c o i l  p rov id ing  so -ca l l ed  

low-frequency and high-frequency modes o f  ope ra t ion .  

t o  an ou tpu t  s i g n a l  of n e a r  zero frequency i n  free space i n  e i t h e r  mode of 

o p e r a t i o n  when t h e  c i r c u i t r y  i s  properly ad jus t ed .  

t h e  plasma, t h e  t i p  o s c i l l a t o r  frequency i n c r e a s e s .  

Two f r equenc ie s ,  4.5 and 12.0 cm/s, are each chosen f o r  40 msecs 

Two mixer s t a g e s  l e a d  

As t h e  probe p e n e t r a t e s  

A t o t a l  i n c r e a s e  o f  

2 mc/s is  within t h e  bandwidth c a p a b i l i t i e s  of t h e  mixers,  f i l t e rs ,  and 

coder.  

4 x 1 0  / c m  

o s c i l l a t o r .  

t o  permit  measurement o f  low e l e c t r o n  d e n s i t i e s .  

Th i s  v a r i a t i o n  pe rmi t s  t h e  measurement of e l e c t r o n  d e n s i t i e s  up t o  

5 3  6 with t h e  4.5 mc/s o s c i l l a t o r ,  and o v e r  1 0  /cm3 wi th  t h e  12.0 mc/s 

Great care was taken t o  achieve good c i r c u i t  s t a b i l i t y  i n  o r d e r  

During t h e  40 mi l l i s econds  of o p e r a t i o n  i n  e i t h e r  mode, a b i a s  v o l t a g e  

on t h e  t i p  is  swept from -3 t o  +3 v o l t s  w i th  r e s p e c t  t o  t h e  rocke t .  As an 

a d d i t i o n a l  p a r t  of t h e  program of ope ra t ion ,  a cons t an t  b i a s  of about -100 

v o l t s  is app l i ed  during every e i t h t h  40 m s  p e r i o d  i n  each mode o f  ope ra t ion .  
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7. Operation During Rocket F l i g h t s  

This  probe was flown on two Black Brant r o c k e t s  a t  t h e  Church i l l  

Research Range, Canada, during Spring 1963. The first rocke t  BBII-22 w a s  

f i r e d  a t  1431 hours CST, 7 May during undis turbed  ionospher ic  cond i t ions ;  

t h e  second, a t  2305 hours 10 June dur ing  an a u r o r a l  r a d i o  wave absorp t ion  

event .  Two more f l i g h t s  are planned f o r  Autumn 1963. 

s p r i n g  f l i g h t s  t h e  lower frequency mode provided good r e s u l t s  i n  t h e  D 

r eg ion  above 70 o r  75 km, but  t h e  h igh  frequency mode was somewhat errat ic .  

E lec t ron  d e n s i t y  p r o f i l e s  have been deduced and are d iscussed  i n  a 

companion paper. 

On both  of t h e  

A perp lex ing  f e a t u r e  o f  both f l i g h t s  was a l a r g e  v a r i a t i o n  of t h e  t i p  

o s c i l l a t o r  f requency above 100  kms ( i n  both modes) a t  t h e  sp in  rate of  t h e  

rocke t ;  t h e r e  must accord ingly  be some s i g n i f i c a n t  depa r tu re  from c y l i n d r i c a l  

symmetry about  t h e  rocke t  s p i n  a x i s ,  but  t h e  n a t u r e  of  t h i s  assymmetry has  

no t  been e s t a b l i s h e d .  

While t h e  r e s u l t s  from t h e  a c t u a l  f l i g h t s  are s t i l l  of a pre l iminary  

n a t u r e ,  t h e y  do v e r i f y  t h a t  t h e  present  approach is  s a t i s f a c t o r y .  

During each 40 m s  pe r iod  o f  ope ra t ion  t h e  o s c i l l a t o r  f requency 

inc reased  wi th  t h e  b i a s  vo l t age  on t h e  t i p  u n t i l  t h e  t i p  was s l i g h t l y  

p o s i t i v e  wi th  r e spec t  t o  t h e  rocket .  

f requency remained cons tan t .  Since t h e  r a t i o  o f  e l e c t r o n  t o  ion mob i l i t y  

is  a t  least  170 and t h e  c o l l e c t i o n  area r a t i o  of  t h e  nose-cone t o  t h e  t i p  

was only  25, it may be assumed t h a t  t h e  t i p  always remained s l i g h t l y  

nega t ive  wi th  r e s p e c t  t o  t h e  plasma. 

independent o f  b i a s  was taken as t h e  measure of e l e c t r o n  d e n s i t y  i n  t h e  

plasma; t h e  ion  shea th  dur ing  t h i s  p e r i o d  may be assumed t o  be n e a r l y  equal  

t o  t h e  Debye l eng th  hD = 6.9 T ,  and a c o r r e c t i o n  may then be app l i ed  as i n  

Fig. 5 t o  o b t a i n  t h e  a c t u a l  e l e c t r o n  dens i ty .  

With f u r t h e r  i n c r e a s e  i n  b i a s  t h e  

The frequency dur ing  t h e  t ime it w a s  

&- 
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The frequency s h i f t  i n  t h e  low frequency mode f o r  BBII-21 is p l o t t e d  

as t h e  upper curve i n  Fig. 7. I n  t h e  D-region t h e  s h i f t  is on ly  a f e w  

h u n d r e d  c y c l e s  p e r  second, and i n  fact  s h i f t s  o f  on ly  a f e w  c y c l e s  p e r  

second would need t o  be measured in  o r d e r  t o  determine t h e  electron d e n s i t y  

down t o  55 - 60 km. 

s t a b i l i t y ,  o f  t h e  o r d e r  of 1 p a r t  i n  10 . O r d i n a r i l y  t h i s  would n o t  be 

a t t a inab le  f o r  t h e  du ra t ion  o f  t h e  f l i g h t  as d r i f t s  as high as  1 p a r t  i n  

10 

and p a r t i c u l a r l y  o f  t h e  nose- t ip  i t se l f ,  

may be reduced t o  short- term e f f e c t s  on ly  by t h e  use of t h e  high nega t ive  

b i a s  on t h e  t i p ,  as shown by t h e  middle curve i n  Fig. 7. The effect o f  

t h e  nega t ive  b i a s  is t o  r e p e l  t h e  e l e c t r o n s  f a r  from t h e  t i p ,  and t h u s  t o  

b r i n g  t h e  o s c i l l a t o r  frequency t o  n e a r  t h e  free space value. The d i f f e r e n c e  

between t h e s e  curves, e s p e c i a l l y  f o r  l o w  v a l u e s  o f  w ,  i s  a good measure of N, 
and it may be ob ta ined  experimental ly  i n  about one second o r  even less; f o r  

such s h o r t  pe r iods  a s t a b i l i t y  o f  1 p a r t  i n  l o 6  is a t t a i n a b l e .  

instrument  t h e  s t a b i l i t y  approached t h i s  va lue ,  bu t  accuracy was l o s t  i n  t h e  

d a t a  coding and t e l e m e t r y  adopted. 

The opposing effects o f  ion a c c e l e r a t i o n  when t h e  high n e g a t i v e  

Such a small s h i f t  r e q u i r e s  a high in s t rumen ta l  

6 

2 may occur  due t o  changes i n  t he  temperature  of t h e  c i r c u i t  components, 

However, t h e  s t a b i l i t y  requirement 

I n  t h e  p re sen t  

b i a s  is a p p l i e d  and of t h e  converging geometry might reasonably lead t o  an 

approximately cons t an t  va lue  of ion d e n s i t y  wi th in  t h e  sheath.  

c a l c u l a t i o n  on t h i s  basis provides  an o r d e r  of magnitude of SO crns f o r  

The 

et 
t h e  s h e a t h  t h i c k n e s s  n e a r  t h e  E region. The observed r a t i o  e l e c t r o n  d e n s i t y  4 
with and without t h e  -100 V b i a s  i s  from Fig. 7 equa l  t o  6 a t  95 km; 

if t h e  r a d i u s  6 crns o f  t h e  base of t h e  t i p  is  taken as a t y p i c a l  dimension 

o f  t h e  probe, equat ion 1 8  y i e l d s  a shea th  t h i c k n e s s  o f  30 crns, i n  q u a l i t a t i v e  

agreement wi th  t h e  c a l c u l a t i o n .  
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The s h e a t h  t h i c k n e s s  might be expected t o  va ry  i n v e r s e l y  as t h e  square 

r o o t  o f  t h e  e l e c t r o n  d e n s i t y ,  as in t h e  expression f o r  t h e  Debye l e n g t h ,  

dependence is i n  fact  v e r i f i e d  by t h e  r e s u l t s  shown i n  Fig. 7 i n  t h e  h e i g h t  

r ange  86 t o  88 km. 

t h e  s h o r t  h e i g h t  range o f  2 km (over which t h e  c o l l i s i o n  frequency would 

change by on ly  a small amount) and t h e  shea th  t h i c k n e s s  changes by 

approximately a f a c t o r  of 2. 

This  

There t h e  e l e c t r o n  d e n s i t y  changes by a f a c t o r  o f  4 ove r  

While an a c c u r a t e  estimate of t h e  effect  of i on  c o l l i s i o n s  i s  n o t  

easy ,  it may be shown q u a l i t a t i v e l y  t h a t  t h e y  should i n c r e a s e  t h e  ion d e n s i t y  

n e a r  t h e  probe and the reby  should decrease t h e  shea th  th i ckness .  This  f a c t o r  

is  thought  t o  account f o r  t h e  d i f f e r e n c e  between t h e  actual  curve obtained 

w i t h  t h e  high nega t ive  b i a s  and t h e  dashed curve i n  Fig. 7 which fo l lows  

t h e  H-1’2 law from t h e  E r eg ion  down. 

combination of a d.c. b i a s  with the r.f. probe may provide a convenient 

method f o r  s tudy ing  t h e  p r o p e r t i e s  o f  t h e  ion sheath.  

8. Conclusions 

These r e s u l t s  suggest  t h a t  t h e  

An RF probe o p e r a t i n g  w e l l  above t h e  plasma and gyromagnetic f r e q u e n c i e s  

has  been shown t o  be a s e n s i t i v e  instrument f o r  t h e  measurement of D region 

e l e c t r o n  d e n s i t y .  An instrument  ope ra t ing  a t  3 Mc/s with a s h o r t  term 

6 
frequency s t a b i l i t y  o f  1 p a r t  i n  10  

d e n s i t y  as low as a f e w  e l e c t r o n s  p e r  c m 3  i n  t h e  absence o f  c o l l i s i o n s .  

The s e n s i t i v i t y  is decreased by a f a c t o r  of 8 a t  50 km because of t h e  effect 

o f  c o l l i s i o n s ,  but  d e n s i t i e s  as low as a f e w  t e n s  of e l e c t r o n s  p e r  c m  

st ill d e t e c t a b l e .  

would permit measurements of e l e c t r o n  

3 are 

The e l e c t r o n  d e n s i t y  and c o l l i s i o n  frequency may be regarded as two 

independent v a r i a b l e s ,  and t h e i r  simultaneous de t e rmina t ion  r e q u i r e s  two 

independent measurements. 

d ie lec t r ic  cons t an t  at two d i f f e r e n t  f r e q u e n c i e s ,  

f requency s h i f t s  ob ta ined  us ing  t h i s  form of probe o p e r a t i n g  a t  two 

Two s u i t a b l e  measurements are t h e  v a l u e s  o f  t h e  

I n  fact  t h e  r a t i o  o f  t h e  
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f r e q u e n c i e s  is dependent on ly  on t h e  c o l l i s i o n  frequency and n o t  on t h e  

dens i ty .  

measured a c c u r a t e l y  i n  t h e  D-region between 50 and 80 kms. 

i n  t h e  frequency s h i f t  measurements i s  completely preserved  i n  t h e  t e l eme t ry ,  

t hen  c o l l i s i o n  f r equenc ie s  as low as 5 x 10 

E r e g i o n  a t  100 km have a d e t e c t a b l e  e f f e c t .  

With a choice  o f  3Mc/s and 12Mc/s t h e  c o l l i s i o n  frequency can be 

If high accuracy 

4 -1 sec c h a r a c t e r i s t i c  of t h e  
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